ABSTRACT | Molecular oxygen, a basic component of aerobic metabolism, is an inevitable component of all living organisms. However, a portion of the oxygen used by the cells is converted to several harmful reactive oxygen species (ROS) and free radicals. In low/moderate concentrations, free radicals serve as beneficial compounds and are involved in normal physiological functions. Excessive free radical generation results in oxidative stress, with the prime targets being the fundamental building blocks of cell, such as lipids, protein, and DNA. Oxidative damage to these molecules leads to growth arrest, senescence, or apoptosis which play crucial role in the development of several pathological conditions of humans. A growing body of recent literature suggests that scavenging these ROS alleviates the diseases completely. The documented literature suggests that many herbal extracts possess antioxidant effects. Among them, brahmi (Bacopa monneiri) has received increasing attention as a traditional medicine for treatment of several disorders. Previous research has shown that Bacopa monneiri is used to cure various ailments such as cardiovascular diseases, cancer, neurodegenerative diseases, and diabetes, among others. The present review focuses on the therapeutic potential of Bacopa monneiri in the management of diseases that are caused by oxidative stress and ROS by acting as a free radical scavenger.
INTRODUCTION
Even though oxygen is an inevitable element for all living cells, its surplus level would come up with certain nuisances also. For a living system, one important type of free radical is reactive oxygen species (ROS), which is a partially reduced form of oxygen and is responsible for its unusual toxicity [1] . When ROS levels exceed physiological levels by its continuous generation and accumulation, cellular damage occurs [2] . ROS can be classified into two categories: (i) free oxygen radicals and (ii) nonradical ROS. Examples of free oxygen radicals are superoxide, hydroxyl, peroxyl, and hydroperoxyl radicals which are ascertained to have an impact on various pathological conditions including cancer. Non-radical ROS include certain non-radical oxidizing agents like hydrogen peroxide, hypochlorous acid, and ozone which can be converted into free radicals. ROS are produced during normal metabolism and are involved in enzymatic reactions, mitochondrial electron transport, signal transduction, activation of nuclear transcription factors, gene expression, and the antimicrobial action of neutrophils and macrophages. About 95-98% of ROS such as hydrogen peroxide, hydroxyl free radical, superoxide anion, and peroxynitrite are formed in the mitochondria as a result of cellular respiration.
The major harmful effects of free radicals include oxidative stress and nitrosative death. Oxidative death is caused by ROS and nitrosative death by reactive nitrogen species (RNS), which leads to oxidative stress with subsequent generation of ROS [3] and resultant oxidative injury. Potential biological damage occurs as a result of an overproduction of ROS and RNS and a down regulation of enzymatic and non-enzymatic antioxidants. The ROS generated by the powerful oxidizing agents interfere with the expression of a number of genes involved in the activation of signal transduction cascades [4] [5] [6] [7] leading to important cellular events such as apoptosis. The reducing environment inside the cells aids prevention of free radical-mediated damage. This reducing environment is maintained by the action of enzymatic and non-enzymatic antioxidants such as superoxide dismutase (SOD), catalase, glutathione peroxidase, glutathione, ascorbate (vitamin C), alpha-tocopherol, and thioredoxin. An imbalance between the cellular oxidant and antioxidant status results in disease condition.
Oxidative stress has been implicated in various pathophysiological conditions either directly or indirectly (Figure 1) . They are cardiovascular disease, cancer [8] , Parkinson's disease (PD), Alzheimer's diseases (AD) [9, 10] , amyotrophic lateral sclerosis (ALS), Huntington's disease, multiple sclerosis, diabetes mellitus [11] , ischemia/reperfusion, fibrosis, kidney disease, ototoxicity of drugs such as cisplatin, and congenital deafness in both animals and humans, obstructive sleep apnea, obesity, hypertension, and other diseases related to aging [12] . These diseases fall into two groups. The first group involves the diseases characterized by prooxidants shifting the thiol/disulfide redox state and impairing glucose tolerance-the so-called the mitochondrial stress conditions (cancer and diabetes mellitus).The second group involves diseases characterized by "inflammatory and oxidative conditions" and enhanced activity of either NADPH oxidase leading to atherosclerosis and chronic inflammation or xanthine oxidaseinduced formation of ROS (implicated in ischemia/reperfusion injury).
The most promising line of attack against the oxidative damage caused by these reactive species is the use of antioxidant molecules. These compounds can act as direct antioxidants through free radical scavenging mechanisms as well as indirect antioxidants by boosting the antioxidant status (enzymatic and non-enzymatic). The bioactive molecules isolated from the herbs contain potent antioxidant property and protect the cells from various injuries caused by reactive oxygen and nitrogen species. The present work reviews the biological and pharmacological activities of bioactive components isolated from Bacopa monnieri.
BASICS OF Bacopa monnieri
Bacopa monnieri, also known as aindri and brahmi in Sanskrit belongs to the family Scrophulariaceae. It is a creeper, glabrous, and somewhat succulent 
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herb which grows in wet places of India and neighboring tropical countries up to 1500-meter altitude. Bacopa is known as medhya rasayana, due to its ability to improve the cognitive properties of brain and is a very commonly used herb among all Ayurvedic practitioners to treat conditions such as fever, inflammation, pain, asthma, epilepsy, insanity, and memory loss. The major chemical compound responsible for these neuropharmacological effects is a dammarane-type triterpenoid saponin called bacoside A [13] with jujubogenin or pseudo-jujubogenin moieties as their aglycone units. Bacoside A is composed of bacoside A3, bacopaside II, jujubogenin isomer of bacopasaponin C, and bacopaside X [14] [15] [16] . Based on the structural similarity, 12 analogs from the family of bacosides have been elucidated. In the recent past, different classes of saponins have been identified as important constituents of the herbal extract and are named as bacopasides I-XII [17] . The plant has also been reported to contain hersaponin, apigenin, D-mannitol, cucurbitacin, monnierasides I-III, and plantainoside B, as well as the alkaloids brahmine, herpestine, nicotine, and monnierin [18, 19] . The strong antioxidant property is imparted by the significant amounts of flavanoids and phenolic compounds contained in the herb.
Several research studies reported the therapeutic potential of B. monnieri in various disease conditions [20] [21] [22] [23] [24] [25] [26] (Figure 2) . In experimental models of diabetes, ischemia, and aluminum-and cigarette smoking-induced toxicity, pretreatment with extracts of B. monnieri and bacoside A prevented lipid peroxidation and enhanced antioxidant enzyme activities.
The hydroxyl radical scavenging activities of B. monnieri as assessed by DPPH assay revealed that the methanol extract is more effective in preventing DNA damage than chloroform, hexane, acetone, ethyl acetate, and methanol/aqueous extracts. A dose-dependent free radical scavenging capacity and a protective effect against DNA damage by methanolic extract of B. monnieri was also reported by Russo et al. [26] and Anand et al. [20] . Lipid peroxidation brought about by FeSO 4 and cumene hydroperoxide was significantly reduced by bacopa treatment in animal models by chelating Fe 2+ [27] . Radical quenching activity of ethanol and aqueous extracts of B. monnieri was also widely reported [28] . Effects of B. monnieri extract on ROS generation and lipid peroxidation are evaluated by exposing the lung epithelial cell line, L132 cells to nitric oxide (NO) donor, sodium nitroprusside (SNP), a generator of RNS. The results of the study showed that pretreatment with B. monnieri extract significantly reduced the nitrosative stress by inhibiting the generation of RNS in SNP-treated cells. B. monnieri extract pre-treatment modulated the SNP induced upregulation of Bax, cytochrome c, and caspase 3 expression along with a down-regulation of Bcl2 expression by maintaining mitochondrial integrity indicating the cytoprotective role of B. monnieri extract against SNP-induced damage [29] . Methanolic extract of B. monnieri and its isolated constituent bacoside A exhibited profound wound healing activity [30] . These results suggest that B. monnieri might have good impact in the treatment of human ailments in which free radical production plays a key role.
Extracts of B. monnieri exhibit strong antioxidant properties such as adsorption and neutralization of free radicals by quenching singlet oxygen or decomposing peroxides. It has been reported that glial cells produce NO upon superoxide radical stimulation by an enzyme-independent mechanism. Russo et al. [26] examined the effect of a methanolic extract of B. monnieri against S-nitroso-N-acetyl-penicillamine (SNAP) (a well-known nitric oxide donor)-induced toxicity in rat astrocytes. Their results pointed out that SNAP-induced increase in reactive species and DNA fragmentation was inhibited by the treatment of B. monnieri extract in a dose-dependent manner.
Furthermore, oxidative stress generated by lead exposure is ameliorated by B. monnieri in various areas of rat brain [31] . Lead exposure raised the levels of ROS, lipid peroxidation, the carbonyl content in total protein, and metal content in rat brain tissues. B. monnieri pretreatment prevented these oxidative changes and protected against lead toxicity.
Bacopa monnieri IN DIABETES
Oxidative stress is known to cause complications such as neuropathy, nephropathy, and cardiomyopathy in the case of diabetics patients. The protective role of B. monnieri on tissue antioxidant defense system and lipid peroxidative status in streptozotocininduced diabetic rats was investigated by Bhattacharya et al. [32] . The effects of the oral administration of B. monnieri extracts on the enzymatic and non-enzymatic antioxidant levels and lipid peroxidation were observed in the kidney, cerebellum,
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cerebrum, and midbrain of diabetic rats and the results were compared to a reference drug, glibenclamide. The results revealed a significant increase in the antioxidant status and a concomitant decrease in the peroxidative damage. The diabetic rats showed significant improvement of the glycemic index and body weight upon treatment with ethanolic extract of B. monnieri compared to untreated rats. The glycemic status of B. monnieri extract-treated diabetic rats is comparable to that of the reference drug. Further improvement was observed in rats receiving administration of both the extract and glibenclamide with respect to oxidative stress and hyperglycemic status in the liver of diabetic rats [32] . These results suggest that B. monnieri has antidiabetic activity comparable to the existing oral antidiabetic drug and the combinatorial regimen helps in reducing oral antidiabetic drug-induced toxicity.
Bacopa monnieri IN CANCER
The anticancer potential of B. monnieri has been reported earlier by several investigators. Prakash et al., have reported the anticancer activity of bacoside A from whole plant of B. monnieri in MCF-7 (human breast cancer), HT-29 (human colon adenocarcinoma), and A-498 (human breast cancer) cell lines [33] . Janani et al. showed that bacoside A exhibits its chemopreventive effects against DEN (diethyl nitrosamine)-induced carcinoma by decreasing the level of lipid peroxidation and enhancing the antioxidant status probably through its free radical scavenging activity [31] . The antioxidant and tumor inhibiting property of B. monnieri were also reported in 3-methylcholanthrene-induced fibrosarcoma in rats [34] . B. monnieri supplementation enhanced the antioxidant enzyme status, reduced the rate of lipid peroxidation, and downregulated tumor development markers. Among the five crude samples such as the whole plant of B. monnieri and four different fractions (petroleum ether, CHCl 3 , EtOAc, and n-BuOH fractions) of the methanol extract, n-BuOH fraction was noted to have the highest anticancer activity as per bioassay-guided methods conducted by Peng et al. The studies showed that dammarane triterpene saponins isolated from n-BuOH fraction, bacopaside É and bacopaside VII, have potential anticancer effect as revealed from the cytotoxicity studies in various human cancer cell lines MDA-MB-231, SHG-44, HCT-8, A-549, and PC-3M in MTT assay in vitro, and showed 90.52 % and 84.13 % inhibition in mouse implanted with sarcoma S180 in vivo at the concentration of 50 μmol/kg, respectively. Further studies revealed significant inhibition of human breast cancer cell line MDA-MB-231 adhesion, migration, and matrigel invasion in vitro at the concentration of 50 μM [35] .
Manoharan et al. studied the effect of bacoside fraction from B. monnieri against oxidative stressinduced apoptosis in untransformed (buccal) and transformed (kb oral carcinoma) cells. Interestingly, the results have shown anti-apoptosis in bacosidetreated buccal cells, whereas a steep increase in apoptotic cells was observed in bacoside-treated kb oral carcinoma cells. These observations clearly indicate that bacoside-induced toxicity is specific to cancer cells while sparing normal cells. Their studies suggest combinatorial regimen of bacoside along with established anticancer drugs during chemotherapy for the reduction of undesirable side effects [36] .
NEUROPROTECTIVE EFFECT OF Bacopa monnieri
Chronic administration of B. monnieri inhibited the lipid peroxidation particularly in the prefrontal cortex, striatum, and hippocampus regions of the rodent brain, via a mechanism of action similar to vitamin E [26] . In the astrocytes of rodents, bacopa treatment resulted in significant reduction in the damage produced by high concentrations of nitric oxide [21] . Furthermore, various studies suggested that bioactive components from B. monnieri, protect the brain against oxidative damage and age-related cognitive decline with several modes of action and also enhance memory [37, 38] . Improved cognitive function is noted with standardized CDR108 extract in both in vivo and in vitro studies. The improved cognitive action of extract of B. monnieri was attributed to the increase in the free radical scavenging activity of bacosides. A similar increase was also noted in the case of diabetic rats showing a significant reversal of redox imbalance and peroxidative damage to enhance a defense system against ROS [39] . Heat shock protein 70 (Hsp70), cytochrome P450 (CytP450), and SOD in the rat brain play an important role in the production and scavenging of ROS, and determine stress responses in rats [40] . The binding and detoxification
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of metal ions, free radical scavenging, or increasing antioxidant activity are some of the mechanisms involved in the neuroprotective and memory enhancing effects of extract of Bacopa monnieri. B. monnieri was reported to act by reducing divalent metals, scavenging ROS, decreasing lipid peroxides formation, and inhibiting lipoxygenase activity. The results showed B. monnieri extract-treated neurons expressed a lower level of ROS, suggesting that brahmi could control intracellular oxidative stress [41] .
Roshni et al. clearly reported that bacoside A and B. monnieri act as potent neuroprotective agents in reversing the altered dopamine D1 receptor function, gene expression, and altered Bax expression due to neonatal hypoglycemia. Free radical accumulation in neonatal hypoglycemia results in decreased level of SOD which in turn causes cortical cell death. Bacoside A and B. monnieri supplementation helps to maintain the level of SOD by free radical scavenging and thus overcome the stress by prevention of free radical accumulation [42] . FIGURE 1. Generation of reactive oxygen species (ROS) and its implications in human diseases. Inflammation, ischemia, radiation, reperfusion injuries, and toxic agents (e.g., food additives, pesticides, and drugs) induce a cell to generate ROS including superoxide, hydrogen peroxide, and hydroxyl radicals, among others. ROS are implicated in a variety of human diseases, and each disease is characterized by a set of oxidative stress markers.
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Bacopa monnieri IN PARKINSON'S DISEASE
B. monnieri might be useful in age-related neurodegeneration including PD by maintaining redox homeostasis and mitochondrial activities. Anbarasi et al. [35] assessed the neuroprotective role of bacoside A against oxidative stress in the brains of rats. The researchers administered 10 mg/ml bacoside A through oral gavage daily and found the B. monnieri significantly increased brain levels of glutathione, vitamin C, vitamin E, and vitamin A in addition to the increased activities of antioxidant enzymes such as SOD, catalase, glutathione peroxidase (GPx) and glutathione reductase (GSR) in rats exposed to cigarette smoke.
Bacopa monnieri IN ALZHEIMER'S DISEASE
A dose-related reversal of cognitive deficits was observed by treatment with B. monnieri in animal models of neurotoxicity induced by colchicine and ibotenic acid [16] . The neuroprotective effect of standardized extracts of B. monnieri against acrolein and H 2 O 2 was investigated by Singh et al. Acrolein is a highly reactive compound formed as a byproduct FIGURE 2. Biological effects of Bacopa monneiri. Besides neuroprotective function, Ayurveda texts quoted the use of Bacopa monnieri in other pathophysiological conditions. Researchers evaluated its antidepressant activity [23] , anti-potential [43] , anticancer effect [44] , anti-inflammatory property [45] , anti-stress action [42, 46] , bronchodilatory effect [47] , anti-convulsive activity [48] , endocrine effect [49] , and antianxiety effect [50] .
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of lipid peroxidation. It is not only a marker of lipid peroxidation but also serves as an initiator of oxidative stress by forming adducts of cellular nucleophilic groups. The brains of AD patients showed significantly higher levels of acrolein in vulnerable brain region like hippocampus. Furthermore, it is reported to be more toxic in primary hippocampal culture than 4-hydroxyl-2-nonenal. Actually, hydrogen peroxide (H 2 O 2 ) is the compound which contributes toxicity to the amyloid-β peptide. Neuroprotective effect of B. monnieri extract was reported in human neuroblastoma cell line SK-N-SH against H 2 O 2 -and acrolein-induced toxicity. B. monnieri offered cytoprotection through ROS scavenging and maintaining the mitochondrial membrane integrity. B. monnieri also modulated expression of several regulatory proteins, such as NF-κB, Sirt1, ERK1/2, and p66
Shc , so as to favor cell survival in response to oxidative stress.
Stress also promotes free radical generation. The anti-stress effect of bacosides of B. monnieri, dissolved in distilled water, was studied in adult male Sprague Dawley rats. The data indicate that B. monnieri's ability to destress involves the modulation of the expression/activities of Hsp70, CytP450, and SOD under adverse conditions such as stress [40] .
CONCLUDING REMARKS
From the current understanding of B. monnieri, it can be concluded that some of the constituents of bacopa act as an efficient free radical scavenger and have the potential to serve as a phytoremedy in the disease conditions involving ROS and oxidative stress (Figures 2 and 3) . The antioxidant and neuroprotective roles of the individual components of B. monnieri need to be explored further which might help in evolution of new drugs.
